Oxidative degradation is a serious concern for upscaling of amine-based carbon capture technology. Different kinetic models have been proposed based on laboratory experiments, however the kinetic parameters included are limited to those relevant for a lab-scale system and not a capture plant. Besides, most of the models fail to recognize the catalytic effect of metals. The objective of this work is to develop a representative kinetic model based on an apparent auto-catalytic reaction mechanism between solvent degradation, corrosion and ammonia emissions. Measurements from four different pilot plants: (i) EnBW's plant at Heilbronn, Germany (ii) TNO's plant at Maasvlakte, The Netherlands; (iii) CSIRO's plants at Loy Yang and Tarong, Australia and (iv) DONG Energy's plant at Esbjerg, Denmark are utilized to propose a degradation kinetic model for 30 wt % ethanolamine (MEA) as the capture solvent. The kinetic parameters of the model were regressed based on the pilot plant campaign at EnBW. The kinetic model was validated by comparing it with the measurements at the remaining pilot campaigns. The model predicted the trends of ammonia emissions and metal concentration within the same order of magnitude. This study provides a methodology to establish a quantitative approach for predicting the onset of unacceptable degradation levels which can be further used to devise counter-measure strategies such as reclaiming and metal removal.
Introduction
Carbon dioxide from fossil fuels and industrial processes constitutes almost 65% of global greenhouse gas emissions [1] . The 2030 energy and climate framework set by the European commission has set a binding target of reduction in greenhouse emissions by 40% from 1990 levels in European territory [2] . Carbon dioxide capture and storage (CCS) is one of the major Europe Union (EU) initiatives to reduce greenhouse gas emissions [3] . One of the effective ways of achieving CCS is post combustion capture of CO 2 (PCCC) which involves capturing CO 2 from flue gases emitted by large point sources, mainly from combustion of fossil fuels and biomass.
Various technologies such as cryogenic separation, membrane filtration and reactive absorption have been suggested in literature as post combustion capture technologies [4] [5] [6] [7] . These technologies can be readily retrofitted to a range of industries other than power plants [8] . Amine based reactive absorption-desorption system is one of the most practical, preferred and mature technological pathways for PCCC [9] .
Degradation of the amine solvent is a serious problem for large-scale applicability of these absorption-desorption system. The exposure of an amine solvent to the flue gas induces solvent degradation and subsequently enhanced corrosion, decreased solvent capacity and significant ammonia emissions [10] [11] [12] [13] [14] . Solvent degradation can be categorized as oxidative degradation or thermal degradation. Thermal degradation occurs principally at high temperatures in the stripper (>120 • C) in the presence of an abundance of CO 2 [15, 16] . Contrary to this, oxidative degradation is a catalytic mechanism occurring at temperature conditions of 40-55 • C and in the presence of oxygen. Such conditions are observed in the absorber and in the cross lean/rich heat exchanger (HEX) [16] . Oxidative degradation is known to be the dominant degradation pathway for 2-ethanolamine (MEA) in a PCCC plant [17, 18] . A pilot campaign with a capturing capacity of 1 ton/h has reported MEA losses to be as high as 2.4 kg of MEA/ton of CO 2 captured [19] .
Various kinetic models have been suggested to understand and quantify the oxidative degradation of MEA [20] [21] [22] . Regardless of the reported catalytic effect of metals on the oxidative degradation mechanism, no kinetic model, to our knowledge, explicitly recognizes the effect of metals [23] . Additionally, the kinetic parameters of all the available models are regressed on measurements made from laboratory experimentations. In these laboratory scale experiments, the solvent is exposed to relatively constant operating conditions as compared to the dynamic cycling of the solvent in a PCCC plant. Thus, these accelerated laboratory studies fail to replicate the utility scale plant [24] . Due to the aforementioned factors, these kinetic models are insufficient in predicting industrial scale degradation of solvent [25] .
The objective of this work was to develop a kinetic model which could act as a tool to quantify the oxidative degradation of MEA in a PCCC plant. The observations and measurements from four different pilot plants: (i) EnBW's capture plant at Heilbronn, Germany (EnBW); (ii) TNO's PCCC plant at Maasvlakte, The Netherlands (TNO); (iii) CSIRO's PCCC plant at Loy Yang Power, Australia (CSIRO); and (iv) DONG Energy's capture plant at the Esbjerg power plant, Denmark (DONG) are investigated to arrive at an understanding of a common degradation mechanism taking place in these capture units. The measurements from these pilot plants also point towards an existence of a correlation between dissolved metals and ammonia emissions. The reaction scheme of the proposed kinetic model is based on methodology suggested by Leonard et al. [26] . Besides, to avoid the discrepancy between lab-scale degradation and amine oxidation during pilot scale PCCC, the kinetic parameters are based on regression of measurements from the EnBW pilot plant campaign. The kinetic model is validated by predicting metal concentration and ammonia emissions for the other three pilot plant campaigns.
Other relevant parameters such as SO 2 /O 2 contaminants in flue gas, pilot plant material, etc. are also present in the system, however their quantitative influence on the mechanism is not straightforward and thus, is not considered.
Overview of Pilot Plants and Campaigns
All the pilot plant studies mentioned above are differ considerably in operating condition capacities and campaign duration. Although these pilot plants have been previously described in the literature, they are discussed briefly in this study with a focus on highlighting the differences in the plant designs and the different operating parameters of the respective campaigns [27] [28] [29] [30] . The process flow scheme for the pilot plants is shown in Figure 1 .
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EnBW's CO2 capture pilot plant consists of a pre-scrubber for flue gas cooling and deep SO2 removal, an absorber for capturing CO2 and a steam driven stripper for regeneration of the aqueous Figure 1 . Fluid streams and main unit operations for pilot plants of (a) EnBW [27] ; (b) TNO [28] ; (c) CSIRO [29] ; and (d) DONG [30] .
EnBW's CO 2 capture pilot plant consists of a pre-scrubber for flue gas cooling and deep SO 2 removal, an absorber for capturing CO 2 and a steam driven stripper for regeneration of the aqueous amine solvent. An inter-cooler section is located between the lowest two beds as shown in Figure 1a . The absorber tower includes two packed beds at the top to act as water washing section and an acid wash section. Along with the absorber and stripper sumps, the solvent is stored in a tank in the inter-cooling line. The absorber section is made up of fiber reinforced polymer (FRP) pipes with polypropylene in liner. The rest of the plant is made up of SS316L.
At TNO's CO 2 capture plant (Figure 1b) , the flue gas passes through a SO 2 scrubber to remove SO x from the flue gas stream before entering the absorber. The SO 2 removal step is combined with cooling of the flue gas obtained from the power plant. The absorber tower has an integrally mounted water wash section at the top which minimizes the loss of the absorption solvent. The principal materials for equipment of pilot plant equipment are SS 304L and SS 316L.
CSIRO's pilot plant (Figure 1c) consists of a flue gas pre-treatment section, two absorber columns and one stripper column. The pilot plant is operated with two absorbers in series to facilitate transport by keeping the plant compact. The pre-treatment scrubber column removes SO x , NO x and particulates from the flue gas with sodium hydroxide. The top packed bed in the second absorber acts as the water wash section. The absorber and stripper section is made of 200 DN and 150 DN stainless steel, respectively [31] . The PCC pilot plant at Loy Yang was operated with a previously aged MEA solvent. This solvent was exposed to normal PCC conditions for 639 h at the Tarong power station pilot plant and was further stored in an intermediate bulk container (IBC) for 12 months before being shipped to the pilot plant at Loy Yang [32] . However, no nitrogen blanketing, UV-exclusion, cooling or other storage precautions were undertaken.
At DONG's pilot plant (Figure 1d ), the flue gas undergoes selective catalytic reduction (SCR), DeNOx, electrostatic precipitators (ESP) and flue gas desulfurization (FGD) processes to clean the flue gas before CO 2 treatment, however no additional flue gas cooling was conducted before being supplied to the CO 2 absorber. The top packed bed in the absorber acts as a water wash functioning in a closed loop.
Operating Parameters of Campaigns
All the pilot campaigns received their flue gas from coal-based power plants and used 30 wt % MEA as the capture solvent. Table 1 summarizes the different operating parameters during each pilot campaign. The operating parameters shown in Table 1 are all expected to have a significant effect on oxidative degradation of the solvent. 
Ammonia Emissions and Dissolved Iron Concentration
Ammonia is an oxidative degradation product of MEA. Being highly volatile at the operating pH, it is stripped from the solvent with the lean flue gas and ammonia emissions are measured at all four pilot plants. Additionally, increasing dissolved iron concentration is representative of leaching of iron from fly ash and corroded equipment. The measurements of ammonia emissions and dissolved iron concentration are indirectly representative of oxidative degradation and corrosion taking place in large scale CO 2 capture units respectively.
From Figure 2 , the trends in all the campaigns are remarkably similar. Initially, ammonia emissions and iron concentrations remained steady and then increased rapidly after certain operating hours until the end of the campaign. Regardless of the differences in the design and operating parameters of these pilot campaigns and the absolute values of measurements, similar trends suggest a strong correlation between these degradation products and a common mechanism of oxidative degradation taking place in these large scale CO 2 capture units. The trends can be viewed as a combination of linear and exponential increase in the solvent degradation, which is peculiar of a self-sustaining auto-catalytic reaction mechanism. For this reason, in the following sections an auto catalytic reaction mechanism and a corresponding kinetic model of oxidative degradation is discussed.
Energies 2017, 10, 629 6 of 15 four pilot plants. Additionally, increasing dissolved iron concentration is representative of leaching of iron from fly ash and corroded equipment. The measurements of ammonia emissions and dissolved iron concentration are indirectly representative of oxidative degradation and corrosion taking place in large scale CO2 capture units respectively. From Figure 2 , the trends in all the campaigns are remarkably similar. Initially, ammonia emissions and iron concentrations remained steady and then increased rapidly after certain operating hours until the end of the campaign. Regardless of the differences in the design and operating parameters of these pilot campaigns and the absolute values of measurements, similar trends suggest a strong correlation between these degradation products and a common mechanism of oxidative degradation taking place in these large scale CO2 capture units. The trends can be viewed as a combination of linear and exponential increase in the solvent degradation, which is peculiar of a selfsustaining auto-catalytic reaction mechanism. For this reason, in the following sections an auto catalytic reaction mechanism and a corresponding kinetic model of oxidative degradation is discussed. 
Auto-Catalytic Mechanism and Kinetic Model
Broadly, oxidative degradation follows a free radical mechanism and presence of metal ions accelerates the degradation of solvent [23] . The two main sources of leaching of metals in the solvent system are fly ash and corrosion of equipment [33] . Schallert et al. [34] reported that fly ash particulate matter undergoes leaching with MEA solutions to a small but significant extent. This leaching of metals from fly ash leads to increased rate of oxidative solvent degradation and formation of heat stable salts, which enhances the corrosion of the equipment, and consequently, leaching of more 
Broadly, oxidative degradation follows a free radical mechanism and presence of metal ions accelerates the degradation of solvent [23] . The two main sources of leaching of metals in the solvent system are fly ash and corrosion of equipment [33] . Schallert et al. [34] reported that fly ash particulate matter undergoes leaching with MEA solutions to a small but significant extent. This leaching of metals from fly ash leads to increased rate of oxidative solvent degradation and formation of heat stable salts, which enhances the corrosion of the equipment, and consequently, leaching of more metals [35] . This increasing dissolution of metal ions in the solvent system is represented schematically as in Figure 3 .
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Kinetic Model by Leonard et al.
The model proposed by Leonard 
In Equation (1) , N-(2-hydroxyethyl)imidazole (HEI) and 4-(2-hydroxyethyl) piperazin-2-one (HEPO) are important secondary degradation products [36] . Formic acid is the acidic formate form, and it is included to account for the formation of heat stable salts. The approach takes advantage of the fact that the exact reaction mechanism of the degradation products is unknown and suggests a reaction balance based on the experimentally observed distribution of degradation products. The reaction rate of MEA degradation is given by Equation (2) where kinetic parameters were determined using a series of laboratory experiments [26] :
The model proposed by Leonard et al. assumes that both MEA and CO2 are present in excess in the bulk and their effects on the degradation kinetics are independent of their concentration. Finally, the dissolved oxygen concentration in the solvent has been determined from Henry's law for oxygen in water at saturation.
Auto-Catalytic Kinetic Model
As shown in Equation (3), the catalytic effect of metals is introduced to the degradation reaction mechanism of Equation (1) . Additionally, the effect of heat stable salts on enhanced corrosion is accounted through Equation (4):
HCOOH Fe (4) Figure 3 . Scheme of auto-catalytic oxidative degradation mechanism occurring in a PCCC unit.
Owing to the complexity of the degradation kinetics, the exact reaction chemistry of oxidative degradation is not determined. Leonard et al. adopted a methodology to propose an apparent reaction mechanism for oxidative degradation [26] . In the present work, the auto-catalytic reaction mechanism is developed on the same methodology. For the ease of the reader, the reaction mechanism and corresponding kinetic model proposed by Leonard et al. is explained briefly, followed by the auto-catalytic kinetic model.
Kinetic Model by Leonard et al.
The model proposed by Leonard et al. explains the degradation of MEA in the presence of oxygen through the overall balanced reaction Equation (1) [26] :
The model proposed by Leonard et al. assumes that both MEA and CO 2 are present in excess in the bulk and their effects on the degradation kinetics are independent of their concentration. Finally, the dissolved oxygen concentration in the solvent has been determined from Henry's law for oxygen in water at saturation.
Auto-Catalytic Kinetic Model
As shown in Equation (3), the catalytic effect of metals is introduced to the degradation reaction mechanism of Equation (1) . Additionally, the effect of heat stable salts on enhanced corrosion is accounted through Equation (4) 
The formulation of rate equations for the auto-catalytic reaction mechanism is based on following set of four assumptions:
Firstly, dissolved iron content and formic acid concentration are used as measures of total dissolved metals and total HSS anions, respectively. These species are chosen because iron is typically the most abundant metal while formate anions are typically the most abundant HSS based on pilot plant measurements [25] . Iron is also known to have a more potent catalytic effect than some of the other metals present such as vanadium, chromium and nickel [37] . It is important to note that no distinction is made between the ferrous and ferric ions, since the measurements available from the pilot plant are total dissolved iron content. Similarly, formate anions have been shown to increase the corrosion rate of the system by almost 12% which is significantly more than other majorly occurring HSS anions such as acetate and glycolate [36, 38] .
Secondly, it is assumed that the corrosion rate is dependent on temperature and formate anion concentration through the Arrhenius law. The corrosion rate in a PCC unit can be influenced by many other factors such as nature of the plant material, section of the plant, amine concentration, CO 2 concentration and dissolved oxygen [38] . Moreover, HSS concentration is dependent on dissolved oxygen concentration through Equation (3). It is important to consider that these pilot plants were built without minimizing the capital expenditure (CAPEX) in terms of design and built-quality. This may not be the case for full scale plants, where certain decisions on used materials and unit operations design will be based on lowest CAPEX. Due to differences in the properties of equipment materials, different susceptibility to corrosion can be expected. However, temperature and HSS concentration act as the main limiting parameters of corrosion.
Thirdly, to incorporate the self-sustaining effect of dissolved metals, it is assumed that the rate of MEA degradation is dependent on the iron concentration as shown in Equations (5) and (6) . Lastly, the dissolved oxygen concentration is calculated from measurements reported by Wang et al. [39] . These measurements also take into account the effect of CO 2 loading on the dissolved oxygen concentration in MEA/H 2 O system, which otherwise was not accounted in the model reported by Leonard et 
where k 1 and k 2 represent rate constant for degradation of MEA and formation of iron respectively. a and b represent the reaction orders for iron ions and formate anions, respectively. Equation (6) can be derived from the stoichiometry of Equation (3).
Kinetic Parameters
Several experimental studies report an increase in degradation rates due to concentrations of dissolved metals [35, 37, 38, 40] . However, no work has explicitly quantified this relationship. Also, owing to the difficulty of developing a laboratory set-up which could be a representation of large scale capture units, in this work the parameters for the suggested kinetics were regressed based on pilot plant observations instead of degradation rates measured in the laboratory experimentations. Oxidative degradation is likely to occur in the absorber sump, absorber packing and rich side of the cross HEX [16] . Since oxidative degradation is oxygen-mass transfer controlled, the relatively high residence in the sump provides sufficient time for degradation reactions to proceed to completion [41] . The estimated rates of degradation in the sump and rich side of HEX in absence of metal ions are compared using Equation (2) . The comparison in Table 2 is based on average temperatures and dissolved concentration of oxygen observed in these locations at EnBW's plant. Even higher degradation would be expected in the presence of metals. It is evident that with a higher residence time, the absorber sump is responsible for almost 95% of MEA degradation. For this reason, the new kinetic parameters depicted in Table 3 were determined by using the operating conditions experienced at the absorber sump. Measured ammonia emissions and dissolved metal concentrations data from EnBW's pilot campaign were used to determine the new kinetic parameters of Equations (5)- (7) by minimising the squared error in pilot plant observations and predicted values. This procedure was executed using MATLAB's optimisation toolbox.
The regressed parameters for the new auto-catalytic model are compared with those published by Leonard et al. in Table 3 . The new energy of activation has a lower value compared to the parameters of the model presented by Leonard et al., which is consistent with the assumption of a catalytic model. Similarly, ammonia formation was estimated to be less than first order in iron concentration, which is consistent with the results reported by Chi and Rochelle [11] . The model fit is such that it predicts the iron concentration and ammonia emissions within the same order of magnitude as shown in Figure 4 . Although, there are large deviations between the predicted values and campaign measurements (R 2 Ammonia = 0.34, R 2 Fe = 0.53), the model accurately predicts the onset of the sudden increase of ammonia emissions and iron concentration. It is evident that with a higher residence time, the absorber sump is responsible for almost 95% of MEA degradation. For this reason, the new kinetic parameters depicted in Table 3 were determined by using the operating conditions experienced at the absorber sump. Measured ammonia emissions and dissolved metal concentrations data from EnBW's pilot campaign were used to determine the new kinetic parameters of Equations (5)-(7) by minimising the squared error in pilot plant observations and predicted values. This procedure was executed using MATLAB's optimisation toolbox.
The regressed parameters for the new auto-catalytic model are compared with those published by Leonard et al. in Table 3 . The new energy of activation has a lower value compared to the parameters of the model presented by Leonard et al., which is consistent with the assumption of a catalytic model. Similarly, ammonia formation was estimated to be less than first order in iron concentration, which is consistent with the results reported by Chi and Rochelle [11] . The model fit is such that it predicts the iron concentration and ammonia emissions within the same order of magnitude as shown in Figure 4 . Although, there are large deviations between the predicted values and campaign measurements (R 2 Ammonia = 0.34, R 2 Fe = 0.53), the model accurately predicts the onset of the sudden increase of ammonia emissions and iron concentration. The large deviations could be rooted to the fact that the kinetic parameters are regressed on a pilot plant data set with high deviations. As shown in Figure 5 , deviations ranged from 1% to 125% were observed for daily ammonia emissions during the EnBW campaign.
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The large deviations could be rooted to the fact that the kinetic parameters are regressed on a pilot plant data set with high deviations. As shown in Figure 5 , deviations ranged from 1% to 125% were observed for daily ammonia emissions during the EnBW campaign. 
Model Validation
In this section, the model is validated with results from pilot plant campaigns at TNO, DONG and CSIRO. The auto-catalytic model and its parameters were validated using measurements of ammonia emissions and iron concentrations from different pilot plants. The rate equations were solved using the ode15 solver of MATLAB R2016a (MathWorks, Inc., Natick, MA, USA). The program structure of MATLAB computed oxidative degradation taking place at the operating conditions of absorber sump iteratively, where each iteration represents a cycle of absorber-desorber set-up. This was done to include the effect of residence time and operating hours of the different campaigns in the kinetic model. The computation loop is initiated with initial measured concentration for all the chemical species except dissolved oxygen. The dissolved oxygen concentration is set to its original value upon the start of each iteration.
Resetting the dissolved oxygen concentration at the beginning of each iteration is consistent with dissolved oxygen being replenished every time the lean solvent contacts the flue gas in the absorber. This model also assumes that no oxidative degradation takes place in the stripper sump and HEX. Since at the high temperatures of the stripper, most of the dissolved oxygen is stripped off and very little oxidative degradation takes place in HEX as compared to the absorber sump. The computation loop quits iterating upon reaching the final number of cycles. Figure 6 shows the predicted iron concentrations and ammonia emissions against measured results during the four different pilot plant campaigns. The model predicts the dissolved iron content with good accuracy in the linear range of the measurements. It also predicts the onset of rapid increase in dissolved iron concentration for all the campaigns. However, there are some differences observed in the predicted trends for the last few hundred hours for all the campaigns. The comparison of the predicted values and measured values for ammonia emissions is more difficult owing to limited data set and inherent large deviations in the measurements (Figures 2 and 4) . In general, ammonia emissions are predicted with a deviation of less than 50% for most part of the campaign. To facilitate the comparison and assess the accuracy of the model predictions for the widely different pilot campaigns, average deviations (AD) and absolute average deviations (AAD) for both dissolved iron and ammonia emissions were calculated for the entire campaign duration, as shown in Table 4 . Moreover, deviations for the dissolved iron content were calculated for the first and last 15% of the campaign, as shown in Table 5 . 
Resetting the dissolved oxygen concentration at the beginning of each iteration is consistent with dissolved oxygen being replenished every time the lean solvent contacts the flue gas in the absorber. This model also assumes that no oxidative degradation takes place in the stripper sump and HEX. Since at the high temperatures of the stripper, most of the dissolved oxygen is stripped off and very little oxidative degradation takes place in HEX as compared to the absorber sump. The computation loop quits iterating upon reaching the final number of cycles. Figure 6 shows the predicted iron concentrations and ammonia emissions against measured results during the four different pilot plant campaigns. The model predicts the dissolved iron content with good accuracy in the linear range of the measurements. It also predicts the onset of rapid increase in dissolved iron concentration for all the campaigns. However, there are some differences observed in the predicted trends for the last few hundred hours for all the campaigns. The comparison of the predicted values and measured values for ammonia emissions is more difficult owing to limited data set and inherent large deviations in the measurements (Figures 2 and 4) . In general, ammonia emissions are predicted with a deviation of less than 50% for most part of the campaign. To facilitate the comparison and assess the accuracy of the model predictions for the widely different pilot campaigns, average deviations (AD) and absolute average deviations (AAD) for both dissolved iron and ammonia emissions were calculated for the entire campaign duration, as shown in Table 4 . Moreover, deviations for the dissolved iron content were calculated for the first and last 15% of the campaign, as shown in Table 5 . The maximum AAD for the entire campaign for dissolved iron is 55%, a maximum of 33% and 25% for the first and last 15% of the campaign duration, respectively. Larger deviations are observed during the last 15% of the campaign as compared to the first 15%. The model also predicts the maximum metal ions concentrations achieved within each pilot plant campaign to the same order of magnitude. Thus, the model can predict dissolved iron concentration with good accuracy, with more accurate predictions for lower degradation rates as compared to higher degradation rates. The maximum AAD for the entire campaign for dissolved iron is 55%, a maximum of 33% and 25% for the first and last 15% of the campaign duration, respectively. Larger deviations are observed during the last 15% of the campaign as compared to the first 15%. The model also predicts the maximum metal ions concentrations achieved within each pilot plant campaign to the same order of magnitude. Thus, the model can predict dissolved iron concentration with good accuracy, with more accurate predictions for lower degradation rates as compared to higher degradation rates. Although, the predicted trend in ammonia emissions fits well for all the campaigns large deviations (>50%) are observed for the TNO and DONG campaign. Due to unavailability of consistent and sufficient data set for all the campaigns, the deviations for the different time periods of the campaign could not be calculated.
This uncertainty reflects upon the lack of consistent data set across all the campaigns. It is also important to consider that the kinetic parameters for the auto-catalytic model are based on pilot plant observations, wherein the operating conditions and the measurements themselves have large deviations. The validation is based on pilot campaigns which are diverse in terms of design, operating capacities and conditions. Given the simplicity of the model and its application to four different pilot plants, the deviations shown in Tables 4 and 5 are reasonable . Importantly, the model shows the potential to explain and predict the sudden rise of solvent degradation.
Conclusions
An alternative modelling approach to oxidative degradation kinetics, in this case for MEA, based on an apparent auto-catalytic reaction mechanism between solvent degradation, corrosion and ammonia emissions is presented. Experimental measurements from pilot plant campaign of EnBW are used to regress the parameters for the model. Results from TNO, CSIRO and DONG pilot campaigns were used to validate the model. The model predicts the dissolved iron content with a maximum AAD of 55% with higher accuracy at lower degradation rates. The overall trend in ammonia emissions are predicted well, however, large AAD are observed, especially for the TNO and DONG campaigns. The large AAD can be attributed to large inherent deviations in the data set used for regression and validation (maximum of 125% in the case of daily ammonia emissions for EnBW campaign). The proposed model can predict the overall trend, i.e. combination of linear and exponential trends observed in the pilot plant measurements. Moreover, the onset of rapid increase in the ammonia emissions and dissolved iron concentrations can also be predicted. This model also demonstrates that the residence time and temperature of the absorber sump has a more significant contribution to oxidative degradation than the lean-rich heat exchanger.
Considering the different scale, construction, design, operating conditions and measured experimental values for the different pilot campaigns, the proposed modelling approach and assumptions can be considered to be representative of a PCCC process. This is the first kinetic model for PCCC that incorporates the role of metal ions in solvent degradation.
Recommendations
The ability of this PCCC-based kinetic model to predict trends in MEA degradation during campaigns at widely different PCCC pilot plants indicates the potential of the approach. Further efforts to develop this modelling approach by means such as use of a larger data set for regression and validation are warranted. The model predictions could certainly be improved by limiting its validation to pilot plants similar in flue gas source, design, construction material, and operating conditions. Reducing differences in the control software as well as methods to measure input parameters (such as residence times, absorber sump temperatures and chemical species concentration) would also improve the quality of the predictions. Based on this study, two clear operational recommendations can be made. Firstly, minimizing the residence time of the solvent in the sump to limit the rate of oxidative degradation in a full scale capture plant. Secondly, the dissolved metal content should be kept at a minimum using suitable strategies to avoid the catalytic regime of degradation kinetics.
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